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While the parent compounds of the cuprate high tem- 
perature superconductors (high-r^'s) are Mott insula- 
tors [1], the iron-pnictide high-Fc's are in the vicin- 
ity of a metallic spin density wave (SDW) state iQ, 
which highlights the difference between these two fami- 
lies. However, insulating parent compounds were iden- 
tified for the newly discovered KiFea ,Se2 fl 0]. This 
raises an intriguing question as to whether the iron-based 
high-Fc's could be viewed as doped Mott insulators like 
the cuprates. Here we report angle-resolved photoemis- 
sion spectroscopy (ARPES) evidence of two insulating 
and one semiconducting phases of K^Fei ySei, and the 
mesoscopic phase separation between the superconduct- 
ing/semiconducting phase and the insulating phases. The 
insulating phases are characterized by the depletion of 
electronic states over a 0.5 eV window below the chemical 
potential, giving a compeUing evidence for the presence of 
Mott-like physics. The charging effects and the absence 
of band folding in the superconducting/semiconducting 
phase further prove that the static magnetic and vacancy 
orders are not related to the superconductivity. Instead, 
the electronic structure of the superconducting phase is 
much closer to the semiconducting phase, indicating the 
superconductivity is likely developed by doping the semi- 
conducting phase rather than the insulating phases. 

The recent discovery of a new family of iron-based super- 
conductor Aj:Fe2-j.Se2 (A= K, Cs, Rb, ...) has raised a lot of 
interest as it is rather unique compared with all the other se- 
ries of iron-based superconductor [6, 7]. ARPES experiment 
has found the absence of the hole Fermi pockets near the zone 
center, thus ruling out the so called s'^ pairing symmetry in this 
system |8]. Moreover, the superconducting phase is in adja- 
cent with an insulating and magnetically ordered state instead 
of a metallic SDW state [4, 5]. Particularly, there are superlat- 
tice modulations due to iron vacancy order at high temperature 
followed by an antiferromagnetic order. Neutron scattering 
studies found that the ordered moment could be as large as 
3.3 i^B per iron cation which is the largest among all the 
discovered parent compounds of iron-based superconductors 
so far Further thermal power and transmission electron mi- 



croscope (TEM) measurements were able to distinguish two 
insulating phases in Kj^Fe2-,Se2: an "AFIl" phase character- 
ized by a positive thermal power and a superlattice modula- 
tion wave-vector (1/5, 3/5, 0) in the reciprocal space, and an 
'AFI2" phase characterized by a negative thermal power and 
a superlattice modulation wave-vector (1/4, 3/4, 0) [ii [loll . 
Theoretically, some suggest that the iron vacancy order would 
cause band narrowing and drive the system into a Mott insula- 
tor [|1 111 , and thus leading to an intriguing possibility that there 
could be a united mechanism for both the copper-based and 
iron-based high-Tc's. However, others argue that it could be a 
simple band insulator [12] since density-functional theory cal- 
culations could reproduce the experimental antiferromagnetic 
ordered pattern given the iron vacancy order Il3lll4tl . 




FIG. 1: Resistivities and valence bands of various K,Fe2 ,862 
compounds, a, In-plane resistivities as a function of temperature for 
the AFII and AFI2 insulating compounds, the semiconducting com- 
pound, and the superconducting compound with the superconducting 
transition temperature (T^) =31 K. The resistivity of the supercon- 
ducting sample is multiplied by 100. b, Valence band photoemission 
spectra at the F point for the insulators, semiconductor, and supercon- 
ductor. The dashed lines are guides to eyes for the peak positions of 
the feature near - 1 eV. If not specified otherwise, the data in this fig- 
ure and hereafter were taken with 21.2 eV photons from an in-house 
helium discharge lamp. The data for superconductor, semiconductor, 
and insulators were measured at 35, 160, and 180 K, respectively. 
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FIG. 2: Photoemission charging elTects in KjFe2-vSe2. a, Temperature dependence of the photoemission spectrum at the T point of super- 
conductor. The inset is the symmetrized EDC's across illustrating a superconducting gap of about 10 meV at the electron Fermi surface 
around the zone corner, b, Energy distribution curves (EDC's) at the F point of superconductor as a function of the photon intensity. Data were 
taken at 17 K. c, The EDC's after deducting the background (dashed line in b) to highlight the peak position shift due to charging effect, d, 
Temperature dependence of the EDC's at the F point for the AFIl sample, e. The low energy portion of data in d. f and g are similar to d and 
e respectively, but for the semiconducting sample. The arrows on the dashed lines indicate the band shift with enhanced charging effect. 



To reveal the nature of the parent compounds of this new 
family of iron-based superconductor, we have studied a se- 
ries of K^Fe2-vSe2 with ARPES (details are in the Methods 
section). As illustrated in Fig. [T^, the resistivity behaviors of 
these K^Fe2_ySe2 samples are rather versatile, including the 
insulating and superconducting ones 101, and a semiconduct- 
ing behavior that is much less insulating below 100 K as re- 
ported before |15]. Interestingly, the resistivity of the super- 
conducting compound exhibits an insulating behavior above 
120 K as well. Moreover, the resistivity anomaly near 550 K is 
present in all the samples, indicating the formation of vacancy 
order Figure [TJ) shows the valence band photoemis- 

sion spectra near the zone center (F) over a large energy win- 
dow for all four types different compounds. The main spectral 
features are comparable in all cases, however, difference does 
show up quantitatively. For example, the feature near -1 eV 
differs by 270 meV for AFIl and AFI2, indicating these two 
insulating phases are indeed electronically different. The peak 
of the semiconducting sample is situated in between AFIl and 
AFI2, while the peak position of the superconducting sample 
is the same as that of AFIl, and it clearly contains a shoulder 
structure near the Fermi energy (Ef). 

The rather similar valence bands in Fig. [TJ) raise a ques- 
tion that whether these features are related to the intrinsic 
property of electronic structures of the drastically different 
phases of Kj:Fe2-j,Se2. With detailed temperature dependence 
in Fig. |2^, the two features at -1.6 and -0.7 eV in the super- 
conducting sample fade away at 17 K and disappear at 14 K. 
Such a behavior is reversed with further increasing temper- 
ature. Moreover, if we reduce the intensity of the 21.2 eV 
photons to reduce the photocurrent, these valence band fea- 



tures recover (Fig.|2j)). As shown in the background-deducted 
spectra in Fig. |2};, the valence band moves toward Ef upon 
decreasing the incident photon intensity. The reaction of the 
valence band peaks at -1.6 and -0.7 eV to the photon inten- 
sity and temperature are the typical charging behaviors of an 
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FIG. 3: Spectral weight difference between the insulators and the 
superconductor, a, b, compare EDC's of AFIl insulator and the 
superconductor along cuts #1 and #2 across the projected two di- 
mensional Brillouin zone center and corner respectively, c, d, make 
the same comparison between AFI2 and the superconductor. Data 
of insulator and superconductor were taken at 180 and 1 1 K respec- 
tively. 
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FIG. 4: Low energy electronic structures of the superconducting and semiconducting KvFea vSe2. a, The Fermi surface of the su- 
perconducting phase in the three-dimensional Brillouin zone, b, The sketch of the band structure evolution from the semiconductor to the 
superconductor, c, The photoemission intensities (upper panel) and its second derivative with respect to energy (lower panel) along the Y - M 
direction for the superconductor taken at 35 K. d is the same as c but for the semiconductor taken at 100 K. Data were taken at SSRL with 
21 eV photons, e and f are same as c, d, except the data were taken with 31 eV photons to measure the Z-A direction. 



insulator. The resistivity quickly increases at lower temper- 
atures. When the photoelectrons leave an insulating region, 
the electric charge and potential will build up, which would 
smear and shift the photoemission spectrum to higher binding 
energies (Fig.|2j5). However, as the number of photoelectrons 
is decreased by reducing the photon intensity, the charging 
behavior could be suppressed (Fig. |2]:). Therefore, the high 
energy charging feature do not belong to the metallic region 
of the sample, but from the insulating regions in the material, 
which is the AFIl type of insulating region judging from their 
valence band positions in Fig.[T}5 and TEM evidence presented 
later in Fig. |5] On the other hand, the low energy features 
in the first 0.5 eV below Ef show charging-free behavior in 
Fig.|2]:, and are absent in the AFIl sample (Fig.|2^) indicating 
that they belong to metallic regions which are phase-separated 
from the insulating regions. In fact, the inset of Fig.|2^ shows 
that these metallic states open a superconducting gap near Ef 
below Tc 1 8]. Similar phase separation in the semiconduct- 
ing sample is illustrated in Figs.|2f and|2^. We note that the 
insulating feature (represented by features below -0.5 eV) al- 
ready shows charging behavior at high temperature, while the 
semiconducting features (represented by features in the first 
0.5 eV below Ep) start to show some charging behavior below 
38 K (Figs.|2}l and|2^) as expected from its increased resistiv- 



ity. Furthermore, in the AFIl and semiconducting samples, 
we found that charging occurs below 70 K (Figs.|2}i and|2]F), 
while in the superconducting sample, it happens at a much 
lower temperature of 17 K. Therefore, such a phase separa- 
tion must happen in a mesoscopic scale. 

The prominent contribution of the insulating phase to the 
valence band suggests that the insulating phase occupies a 
rather large fraction of the semiconducting/superconducting 
samples. Figure [3] compares the electronic structures of the 
insulating compounds with that of the superconductor mea- 
sured at 11 K, so that the contribution from the insulating re- 
gions to the spectra is minimized by their own charging. The 
low energy spectral weight in the superconducting case seems 
to be transferred into the feature around -0.7 eV in Figs. [3^ 
and[3}5 for AFIl, and -1 eV in Figs.[3]: and[3}l for AFI2. Such 
a strong spectral weight transfer resembles the opening of the 
Mott-Hubbard gap when electron-electron Coulomb interac- 
tions are turned on li JJJ. Such a Mott-like behavior in the 
insulating phases have been recently predicted in LSDA+U 
(local spin density approximation plus Coulomb interactions) 
calculations for both AFIl and AFI2 m [3 [l3l. It was 



shown that the vacancy order alone would not open a large 
energy gap in the band structure 1 13, TT). By including the 
magnetic order, the band is renormalized greatly. A gap would 
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open for AFIl even without including U in the calculation as 
the magnetic order is extremely strong there, but including U 
would further increase this gagj [l4ll7ll : while U is needed for 
the AFI2 case to open a gap [13]. Our observation of the gap 
in both cases, particularly in the AFI2 case suggests Coulomb 
interaction is an important factor of the physics here. The 
essentially non-dispersive feature of the insulators in Fig. [3] 
further agrees with the calculations. 

In contrast to the huge differences between the electronic 
structure of the insulating and superconducting phases, the 
low energy features observed in the semiconducting and su- 
perconducting samples show similar charging-free behavior, 
suggesting the intimate relationship between these semicon- 
ducting and superconducting phases. Figure H] compares their 
low energy electronic structures along two high symmetry 
cuts in the three-dimensional Brillouin zone. As illustrated 
in Fig. for the superconductor, there are a k Fermi pocket 
around Z, and four 6 Fermi cylinders around the zone corner 
edge. These are all electron-like Fermi surfaces. Figures. 
and |4}l show the photoemission intensity along F-M for the 
superconducting and semiconducting phases respectively. For 
the superconducting phase, an indirect gap of about 25 meV 
could be observed between the band top of a and yS at F and the 
bottom of the 6 band at M (Fig.|4};). Coincidentally, the chem- 
ical potential of the semiconductor happens to be situated in 
this gap. As shown in Fig. |4jl, the band top of a and fi shifts 
up by 55 meV compared with that in the superconductor, and 
is thus 20 meV below Ef at F in the semiconducting sample 
(Fig.HJl). The dependence of the electronic structure is re- 
markable in the superconducting phase, but is negligible in the 
semiconducting phase. Along the Z-A direction, although the 
indirect gap below Ef could not be clearly observed in Fig.|4t 
for the superconducting phase, again there is a gap of 20 meV 
between the Ef and the band top of a and y6 for the semicon- 
ducting phase(Fig.|4f). Note that, the 5 and k bands are absent 
near Ef in semiconducting samples. One could have deduced 
the unoccupied 6 bands to be the dashed curves in Fig. lit, if 
it had shifted the same amount as the fi band at M. However, 
no traces of bands above Ef in the semiconducting sample 
were detectable up to 200 K, which means that the unoccupied 
states are too far to be populated by the temperature broad- 
ening of the Fermi-Dirac distribution. Therefore, we could 
safely deduce a lower limit of the band gap of 40 meV in the 
semiconducting sample (Fig.|4}3), which is consistent with the 
small indirect gap of about 30 meV deduced from the optical 
conductivity data of the semiconducting K() 8Fe2-vSe2 [15]. 

The evolution of the superconducting and semiconducting 
phases is summarized in Fig.|4j5. Our results strongly suggest 
that the actual parent compound of KiFe2-vSe2 superconduc- 
tor is not the insulating phases, but rather the semiconducting 
phase. With electron doping, the semiconductor would evolve 
into a superconductor. In contrast to the Mott-insulating state 
in cuprates and the metallic SDW state in other iron-pnictide 
high-Tc's, the semiconducting phase of KiFe2_ySe2 is charac- 
terized by the fully occupied band structure with a small band 
gap and no magnetic order as discussed below, which suggests 




FIG. 5: Cartoon for mesoscopic phase separation in K,Fe2 vSe2. 
Different regions exhibit different photoemission spectroscopic sig- 
nature. Diffraction pattern of the V5 x Vs order was observed witfi 
TEM in both the superconductors and semiconductors indicating a 
mixing of superconducting or semiconducting phase with the AFIl 
phase. The arrow in diffraction pattern indicates the superlattice 
moduiation wave vector qi = (1/5,3/5,0). The TEM data was col- 
lected at room temperature. The upper right inset is the symmetrized 
EDC's of the superconductor across T^, illustrating a superconduct- 
ing gap. 



that the U does not play a dominating role here. However, 
there is non-trivial correlation effect involved in this semi- 
conducting phase. For example, the semiconductor has much 
weaker fc; dependence compared with the superconductor, and 
the doping affects the oj band in a much more pronounced 
way than the other bands. Such an interesting semiconducting 
phase was largely neglected in previous theoretical and ex- 
perimental studies. Our findings identify this semiconducting 
phase as a novel starting point to model the superconductivity 
in KjFe2-vSe2, which is rather unique compared with other 
high-^c's. 

We note that the earlier TEM studies have found that both 
vacancy ordered phase and disordered phase exist in diff'erent 
regions of the sample [ 10[. It was speculated that the vacancy- 
ordered phases is insulating, while the vacancy-disordered 
phase is superconducting. Consistently, sharp nuclear mag- 
netic resonance (NMR) observed in KfFe2-ySe2 suggests that 
the superconducting phase does not coexist with magnetic 
order[ 18[. On the other hand, neutron scattering, Mossbauer 
spectroscopy, muon spin rotation and relaxation, and trans- 
port measurements strongly suggest that the superconductiv- 
ity coexists with the antiferromagnetic order, where each four- 
iro n sp in block even has a total moment as large as 13jUb 
iS U 3 Z^l- However surprisingly, recent TEM study sug- 
gests that the vacancy order disappears when entering the su- 
perconducting state at low temperatures 112 III , which is hard to 
reconcile with the large energy scale involved for the vacancy 
order, but could provide a natural explanation to the NMR 
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data. To date, there are still controversies and unsolved puz- 
zles on whether the magnetic order and the superconductivity 
coexist in K,Fe2_vSe2. 

Our detailed ARPES results provide a compelling elec- 
tronic picture to resolve these issues. We do not observe any 
folded feature related to the strong vacancy or magnetic or- 
der in the low energy electronic structure in Fig. H] despite 
clear diffraction pattern for the VS x VS vacancy order have 
been observed with TEM in both the superconducting and 
semiconducting samples (Fig. |5]l. This striking fact together 
with the observed charging effects show that the supercon- 
ducting/semiconducting compounds are made of two phases: 
the insulating AFIl phase, where the magnetic and vacancy 
orders are strongly tied with each other |22'], and the super- 
conducting/semiconducting phase without such orders. The 
disappearance of the vacancy order in the recent TEM study 
is due to charging as well. That is, the Bragg peaks corre- 
sponding to the vacancy order was smeared out by accumu- 
lated charges on the insulating domains, although the vacancy 
order did not disappear at low temperatures. Our findings 
further explain various anomalous properties of KvFe2-vSe2, 
such as the very low charge carrier density observed in the su- 
perconducting sample in optical studies f2y\ . Furthermore, it 
may also hint that the hump of resistivity at 120 K for the su- 
perconducting compound is just a consequence of the compe- 
tition between the metallic and insulating regions in the same 
sample. 

To summarize, we have identified four different phases 
of KvFe2-ySe2, and provided electronic evidence for 
a mesoscopic phase separation of the superconduct- 
ing/semiconducting phase and one of the insulating phases. 
We illustrated a Mott-like spectral weight transfer in AFIl and 
AFI2 phases, which shows that U becomes evident when the 
magnetic order sets in. On the other hand, except a strong 
renormalization of bandwidth, the electronic structures mea- 
sured in superconducting/semiconducting phases are not dras- 
tically altered from LDA results. The semiconducting phase is 
most likely the actual parent compound that will be led to the 
superconductor upon electron doping. Our results not only 
give a comprehensive understanding of various anomalous 
properties of this material, but also provide the foundation for 
a microscopic understanding of this new series of iron-based 
superconductors. 
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Methods 

KiFe2-vSe2 single crystals were synthesized by self-flux 
method as described elsewhere in detail |4], which show flat 
shiny surfaces with dark black color The superconducting 
sample shows the onset superconducting transition tempera- 
ture (Tc) of 31.7 K, and it reaches zero resistivity at 31.2 K. 
The actual chemical compositions of the samples under study 
were determined by energy dispersive X-ray (EDX) spec- 
troscopy, which gives Ko.vvFei 65Se2 for the superconductor, 
Ko.65Fei 67Se2 for the semiconductor, KojsFei 59Se2 for the 
antiferromagnetic insulator phase I (API 1 ), and Ko.gsFe i .ei Se2 
for the antiferromagnetic insulator phase II (AFI2) respec- 
tively. The TEM diffraction experiment was performed with 
JEOL JEM-2100F at room temperature. The in-house ARPES 
measurements were performed with 21 .2 eV He-Io' light from 
a SPECS UVLS discharge lamp. The synchroti'on ARPES 
experiments were performed at Beamline 5-4 of SSRL syn- 
chrotron facility. All the data were taken with Scienta electron 
analyzers, the overall energy resolution is 15 meV in-house or 
10 meV at SSRL, and angular resolution is 0.3 degree. The 
samples were cleaved in situ, and measured under ultra-high- 



vacuum of 5 X 10 torr. 
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